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Abstract: This work reports the study concerning the structure and magnetic properties of undoped CeO2
and Fe-doped CeO2 (Ce1−xFexO2, 0.01 ≤ x ≤ 0.07) nanospheres with diameters of 100∼200 nm prepared by
hydrothermal method using polyvinylpyrrolidone (PVP) as surfactant. The prepared samples were studied by
using X-ray diﬀraction (XRD), Raman spectroscopy, transmission electron microscopy (TEM), high-resolution
transmission electron microscopy (HRTEM), X-ray absorption near-edge structure (XANES), and vibrating
sample magnetometry (VSM). The XRD results showed that Fe-doped CeO2 was single-phased with a cubic
structure, and with Fe3+ successfully substituting in Ce4+ sites. Raman spectra showed a redshift of F2g
mode that caused by the Fe doping. The samples of both undoped CeO2 and Fe-doped CeO2 exhibited room
temperature ferromagnetism, and the saturated magnetization (Ms) increased with increasing Fe content until
x = 0.05, and then the samples displayed ferromagnetic loops as well as paramagnetic behavior. The roles of
Ce3+ and Fe3+ spin electrons are discussed for the ferromagnetism in the Fe-doped CeO2.
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Introduction
Oxide-dilute magnetic semiconductors (O-DMSs) are
materials that exhibit ferromagnetic (FM) at room tem-
perature (RT) with a Curie temperature above RT.
These O-DMSs are also optically transparent and can
be used for the development in spintronic devices [1,2].
Sine devices use both the spin and the charge of elec-
trons can be controlled with an external magnetic ﬁeld.
Many studies report that these O-DMSs display RT-
FM in transition metals (TMs) doping when grown as
thin ﬁlms [3] or in powder form [4]. The carrier-induced
FM mechanism is used to explain the FM in semicon-
ducting oxides. In some systems, these phenomena are
results not only on the eﬀect of TM doping but also on
defects, especially oxygen vacancies (VO). Oxygen va-
cancies have been proposed to play an important role in
the magnetic origin for O-DMSs. However, the origin
of ferromagnetism in O-DMSs is due to the segregation
of metallic clusters.
Recently, TM-doped CeO2 has been also reported to
exhibit ferromagnetism at and above room temperature
[5-11]. Unlike other O-DMSs, CeO2 has a cubic struc-
ture with lattice parameter a = 0.54113 nm [12] that
will facilitate the integration of spintronic devices with
advanced silicon microelectronic devices. The CeO2 is
often used as oxygen storage media due to its oxygen
storage capacity via Ce4+/Ce3+ redox cycles [13-15].
Early work on CeO2-based O-DMSs was focused on thin
ﬁlms [5-7] and only a little work has been carried out on
powders, bulk, and nanocrystalline form [10-12,16]. Ti-
wari et al. [5] ﬁrst discovered RT-FM in Ce1-xCoxO2-δ
(x ≤ 0.05) ﬁlms deposited on a LaAlO3 (001) substrate
by a pulsed laser deposition (PLD) technique. These
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ﬁlms are transparent in a visible regime and exhibit
a very high Curie temperature (TC) ∼740-875 K with
large magnetic moments of 6.1 ± 0.2∼8.2 ± 0.2 μB/Co.
Following the work of Tiwari et al. and Song et al.
[6] reported successful fabrication of Ce1-xCoxO2-δ (x
= 0.03) thin ﬁlms with (111) preferential orientation
deposited on a Si (111) substrate by PLD technique.
Their deposited ﬁlms show RT-FM with large magnetic
moment of 5.8 μB/Co and coercivity of 560 Oe. The
authors also showed that the ﬁlms could be deposited
on glass but with smaller magnetic moment and co-
ercivity. These results suggested that the FM in Co-
doped CeO2 depend not only on the doping concentra-
tion of transition element but also on the microstruc-
ture of ﬁlm, including its crystallization, defects, vacan-
cies, etc.. Vodungbo et al. [7] also reported FM in Co-
doped CeO2 thin ﬁlms grown by PLD on SrTiO3 and
Si substrate. The ﬁlms were ferromagnetic with a TC
above 400 K. These authors found that the amount of
structural defects had a little eﬀect on FM but the pres-
ence of oxygen during the growth or annealing reduced
the FM drastically, suggesting that VO played an im-
portant role in the magnetic coupling between Co ions.
While Wen et al. [10] reported the ferromagnetism ob-
served in undoped and Co-doped CeO2 powders. The
RT-FM in undoped CeO2 originated from VO while a
slight Co doping in CeO2 caused a nearly two orders
enhancement of saturation magnetization (Ms) to 0.47
emu/g compared with the undoped sample. The author
suggested that the large RT-FM observed in Co-doped
CeO2 powder originated from a combination eﬀect of
VO and Co doping. Similarly, Ou et al. [11] reported
RT-FM for Ce1-xCoxO2 (0 < x < 0.10) nanorods pre-
pared by electrodeposition route. The nanorods were
ferromagnetic with a high TC about 870 K and the
largest Ms of 0.015 emu/g. They suggested that the
RT-FM observed in Co-doped CeO2 nanorods adjusted
by the structural defects including VO. The same be-
havior was found in nanoparticles of Fe-doped CeO2
[12] with a Ms value of 0.0062 emu/g in 3 at. % Fe
prepared by a sol-gel method, and Fe-doped CeO2 [16]
with a Ms value of 0.10 emu/g in 1 at. % Fe prepared
by the proteic sol-gel process. The authors suggested
that the RT-FM originated from exchange of F -center,
which involved a combination of VO and TM doping.
However, the source of the magnetism is not only from
the magnetically ordered spin of 3D dopants but also
from the defects at surface. Ferromagnetic behaviors
with large moments were also observed even in undoped
CeO2 [17] and CeO2 doped with rare earth such as Nd,
Sm [18] or Pr [19]. The authors suggested that defects
play an important role in the magnetism, and that only
a small fraction of the volume, possibly associated with
the surface is active [17-20].
However, magnetic properties of nanospheres of Fe-
doped CeO2 have not yet been reported. In this
work, we report the ferromagnetism observed in Fe-
doped CeO2 nanospheres with particle size of ∼100-
200 nm synthesized by hydrothermal treatment us-
ing polyvinylpyrrolidone (PVP) as a surfactant. The
crystallinity and morphology of these samples were
characterized by XRD, Raman, and TEM. The va-
lence states of Ce ions and Fe ions were also investi-
gated by XANES, and the magnetic properties of the
nanospheres were determined using VSM. The origin of
RT-FM in this pure and Fe-doped CeO2 system is also
discussed.
Experimental
In the preparation of monodisperse Fe-doped CeO2
spheres, one gram of PVP was mixed with 40 mL
of de-ionized water at room temperature (27℃) un-
til a homogeneous solution was obtained. Subse-
quently, 3 mmol of Ce(NO3)3·6H2O (99.99%, Kento)
and Fe(NO3)3·9H2O (99.9%, Kanto) were slowly added
to the PVP solution to obtain a well-dissolved solution.
The homogeneous solution was then transferred into a
Teﬂon-lined stainless steel autoclave of 50 mL capacity
and prepared at 200℃ for 12 h. After the autoclave
was cooled naturally to room temperature, the precip-
itate was collected and washed several times with dis-
tilled water. The ﬁnal product was then dried overnight
in a vacuum at 80℃. The same procedures were also
applied for the preparation of undoped monodisperse
CeO2 spheres.
The prepared samples were characterized using XRD,
Raman, TEM, XANES, and VSM. A Philips X-ray
diﬀractometer with Cu Kα radiation (λ = 0.15406
nm) was used to study the phases of the undoped
CeO2 and Fe-doped CeO2 samples. Raman spectra
were recorded at room temperature using a triple spec-
trometer (Jobin Yvon/Atago-Bussan T-64000, France).
Morphology of the samples was obtained from trans-
mission electron microscopy (TEM, JEOL JEM 2010
200 kV, Japan). High-resolution transmission electron
microscopy (HRTEM) was performed using a JEOL
JEM 2010 (300 kV, Japan). The Ce L3 edge and
Fe K edge XANES spectra were studied using X-ray
absorption near-edge structure in transmission mode
at the BL8 Station at Siam Photon Laboratory (Syn-
chrotron Light Research Institute (Public Organiza-
tion), SLRI) in Nakhon Ratchasima, Thailand. The
magnetic measurements were performed at room tem-
perature using a vibrating sample magnetometer (VSM
7403, Lakeshore, USA). The magnetic measurements
were also performed using quantum design magnetome-
try (MPMS XL-7, USA) in the zero-ﬁeld cooling (ZFC)
and ﬁeld cooling (FC) modes with an applied ﬁeld of
1000 Oe.
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Results and Discussion
XRD analysis
Figure 1 shows the XRD patterns of the undoped
CeO2 and Fe-doped CeO2 prepared at 200℃ for 12
h. All the samples exhibited peaks consistent with the
face-centered cubic ﬂuorite structure of CeO2 in the
standard data from JCPDS 34-0394 (vertical lines be-
low the patterns). The XRD patterns of the Fe-doped
CeO2 are the same as that of undoped CeO2, indicating
that Fe ions might have been substituted into the CeO2
lattice, and there are no secondary phases (such as FeO,
Fe2O3, or Fe3O4) in these samples. The average crys-
tallite sizes of all samples were calculated from X-ray
line broadening of the peaks at (111), (200), (220), and
(311) planes using Scherrer’s equation. There was ef-
fect on the sizes of the crystallites with Fe doping (as
listed in Table 1). The values of the lattice parameter
a of all the samples calculated from the XRD spectra
are shown in Table 1. The lattice parameter changed in
comparison with undoped CeO2. This change is pos-
sibly due to the replacement of larger Ce4+ (0.92 A˚)
by smaller Fe3+ (0.65 A˚) or Fe2+ (0.78 A˚), introducing
Ce3+ into the crystal lattice. Ce3+ have a higher ionic
radius (1.034 A˚) compared to Ce4+, and these ions in-
troduce VO. It is observed that CeO2 and Fe-doped
CeO2 nanoparticles experience considerable lattice dis-
tortion, which is in good agreement with earlier reports
[9,13,21]. Those reports indicated that doping causes a
change in the Ce-O bond length (lattice distortion) and











































Fig. 1 XRD patterns of undoped CeO2 and Fe-doped CeO2
nanospheres prepared at 200℃ for 12 h.
Table 1 Summary of crystallite sizes from XRD, Lattice constant, and Magnetization (M) of undoped CeO2










M at 10 kOe
(emu/g)
x = 0 19.6 0.5420 ± 0.0003 5.884 (Ce4+) 9.7 0.0026
6.095 (Ce4+)
1.289 (Ce3+)
x = 0.01 18.1 0.5423 ± 0.0012 - - 0.0018
x = 0.03 15.2 0.5427 ± 0.0015 - - 0.0058
x = 0.05 12.7 0.5414 ± 0.0018 3.160 (Ce4+) 15.5 0.032
2.304 (Ce4+)
1.000 (Ce3+)
x = 0.07 14.8 0.5406 ± 0.0018 - - 0.027
Raman analysis
The formation of a cubic structure in the Fe-doped
CeO2 nanospheres was further supported by Raman
spectra. Figure 2 shows typical spectra of Fe-doped
CeO2. The peak at about 443-463 cm
−1 can be as-
signed to the F2g mode of CeO2, which is the charac-
teristic mode of the Ce-O8 vibrational unit [12]. While
the peaks at about 600 cm−1 can be assigned to intrin-
sic VO (marked with Δ in Fig. 2), which is sensitive
to any disorder in the oxygen sublattice resulting from
thermal, doping, or grain size [22-25]. The intensity of
intrinsic VO Raman active mode in Ce1-xFexO2 sam-
ples is pronounced than in pure CeO2 samples. Such
behavior conﬁrms our previous statement that incorpo-
ration of Fe ions in CeO2 lattice can be attributed to
more VO, especially at x = 0.2. In the Raman spectrum
of Ce1-xFexO2 nanospheres, the F2g mode is shifted to
lower energies with increasing Fe content, which ex-
hibits redshift in this mode [26]. The energy shows
redshift of 2, 12, 16, and 19 cm−1 for samples with
Fe contents of 0.01, 0.03, 0.05, and 0.07, respectively,
compared to that of the pure CeO2 nanospheres. This
behavior shows the electron molecular vibrational cou-
pling due to increased concentration of substitution of
Fe ions in the Ce lattice and the introduction of VO.
Beside the F2g and VO modes, a weak band appears
at 210, 277 and 394 cm−1 (marked with  in Fig. 2)
observed in Ce1-xFexO2 (x = 0.2), which is assigned to
hematite (α-Fe2O3) structure. The appearance of
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Fig. 2 Raman spectra of undoped CeO2 and Fe-doped
CeO2 nanospheres prepared at 200℃ for 12 h.
modes characteristic for hematite structures can be a
consequence of impurity phase, implying a possible sub-
stitution limit for Fe ions in CeO2.
TEM analysis
The morphology and structure of Fe-doped CeO2
samples were investigated by TEM as shown in
Fig. 3(a)-(e). The TEM bright ﬁeld images show that
the products contain monodisperse nanospheres with
a diameter of 100∼200 nm. The average particle size
obtained from TEM is larger than the crystallite size
obtained from the XRD patterns. This result is simi-
lar to the work reported by Zhou et al. [27] in which
spherical CeO2 crystallites assembled by nanoparticles
were formed during hydrothermal treatment, because
small nanoparticles of CeO2 aggregated, and gradually
evolved into a spherical assemblage to achieve a low




































Fig. 3 TEM bright ﬁeld images with corresponding selected-area electron diﬀraction (SAED) patterns of Fe-doped CeO2
nanospheres prepared at 200℃ for 12 h for (a) x = 0, (b) x = 0.01, (c) x = 0.03, (d) x = 0.05 and (e) x = 0.07.
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Fig. 4 HRTEM images of Fe-doped CeO2 nanospheres prepared at 200℃ for 12 h for (a) x = 0.03, and (b) x = 0.05.
morphologies of Fe-doped CeO2 clearly show that
nanospheres become smaller as the doped Fe content
increases, which agree with the XRD results. It is pos-
sible that doping Fe3+ can forbid the crystal growth.
With higher concentrations of Fe3+, it would possibly
increase the blockade of crystal growth, giving rise to a
decrease in particle size. The same behavior was found
in nanoparticles of TiO2 that prohibit the growth in
[001] direction after Fe doping as reported by Wen et
al. [28]. They reported that Fe3+ on the surface can
form eﬀective pathways for charge interfacial transfer
for increasing the photocatalytic activity of TiO2. As
a result of this, Fe3+ are on the surface of spherical ag-
gregates due to the small particle size, which is beneﬁ-
cial for increasing the magnetic interaction of Fe-doped
CeO2 nanospheres. The corresponding selected area
electron diﬀraction (SAED) patterns of the products
show spotty ring patterns indicative of a face-centered
cubic structure of CeO2 (JCPDS: 34-0394), which is
in agreement with the XRD results. HRTEM images
of Ce1-xFexO2 for x = 0.03 and 0.05, are shown in
Fig. 4(a) and 4(b), respectively. The d spacings of the
lattice fringes of ∼0.30 and 0.32 nm (Fig. 4(a)) calcu-
lated from the HRTEM images are corresponding to the
(111) plane of CeO2. Similarly, the d spacings of ∼0.26
and 0.27 nm (Fig. 4(b)) calculated from the HRTEM
images match with (200) plane of CeO2. These are in
agreement with the standard data (JCPDS: 34-0394).
This result conﬁrms the formation mechanism of Fe-
doped CeO2 nanoparticles into nanospheres.
XANES analysis
The valence state of Ce in undoped CeO2 and Fe-
doped CeO2 nanospheres and valence state of Fe were
determined by XANES. The XANES spectra at Ce L3
edge were measured in transmission mode, and the Fe
K edge XANES spectra of the samples were measured
in Fluorescent mode at RT at the BL8 station. Figure
5(a) shows the edge energies of the CeCl3 (Ce
3+) stan-
dard, CeO2 (Ce
4+) standard, pure CeO2 sample, and
Ce1-xFexO2 (x = 0.05) sample for comparison. The
standard CeCl3 has a single peak illustrated by one in-
tense white line at approximately 5728.8 eV due to the
dipole-allowed transition of Ce 2p to Ce 4f15degL ﬁnal
states (represented with 2p4f15degL, where L denotes
an oxygen ligand 2p hole); this characterizes the Ce in
the Ce3+ valence state. In the standard CeO2, all the
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Fig. 5 (a) XANES spectra at the Ce L3 absorption edge
for CeCl3, CeO2 standard, and XANES spectra of samples
x = 0, and x = 0.05 at 200℃ for 12 h (Inset shows Gaus-
sian ﬁts of XANES spectra of Ce for samples x = 0); (b)
XANES spectra at the Fe K absorption edge for FeO (Fe2+)
standard, Fe2O3 (Fe
3+) standard, and XANES spectra of
Fe-doped CeO2 nanospheres at 200℃ for 12 h.
spectra are shifted to higher energies, and the white
line is split into two peaks with nearly the same inten-
sities at approximately 5732.8 and 5739.8 eV due to an
electron excited from Ce 2p to Ce 4f15dtgL ﬁnal states
(represented with 2p4f15dtgL) and the excited electron
in Ce 4f state and Ce 2p to Ce 4f05d ﬁnal states (rep-
resented with 2p4f05d), no electron in the 4f state, re-
spectively, corresponding to the Ce4+ valence state [29].
At low energy, the peak of the standard CeO2 is a pre-
edge peak, which is assigned to ﬁnal states of 2p5d with
delocalized d character at the bottom of the conduction
band [30, 31]. The three Ce peak positions of all the
samples are close to the values of the CeCl3 and CeO2
standards. This result indicates that the Ce ions in our
samples are in a mixed valence state of Ce3+ and Ce4+.
The quantitative analysis of the valence state of Ce in
each of the three states of Fe-doped CeO2 nanospheres
was performed using multi-peak Gaussian ﬁtting ob-
tained from the XANES spectra [32], as shown in inset
of Fig. 5(a). The distribution of Ce3+ and Ce4+ can
be obtained by calculation the area ratio of Ce3+ and
Ce4+. The relative concentration of Ce3+ are ∼9.7%
and ∼15.5% for undoped CeO2 and Fe-doped CeO2
samples (x = 0.05), respectively. It was observed that
the percentage of Ce3+ of the Ce1-xFexO2 samples (x
= 0.05) is higher than those of undoped CeO2 samples
because of the incorporation of Fe. The percentage of
Ce3+ is ∼15.5% in Fe doped, which is lower than those
of 21.5% in the Ce1-xFexO2 samples (x = 0.1) reported
by Wang et al. [33] Their result was calculated based on
X-ray photoelectron spectroscopy (XPS), which more
sensitive to surface.
Figure 5(b) shows the edge energies of the FeO (Fe2+)
standard, Fe2O3(Fe
3+) standard, and Fe-doped CeO2
samples at diﬀerent concentrations prepared at 200℃
for 12 h for comparison. The shift of the edge posi-
tion can be used to determine the valence state. From
Fig. 5(b), edge position of FeO (Fe2+) standard is ap-
proximately 7120 eV, while Fe2O3 (Fe
3+) standard is
approximately 7125 eV. These can be used simply as a
ﬁngerprint of phases and valence state. It is seen that
the edge positions of all the samples were quite similar
to those of the Fe2O3 standard at approximately 7125
eV. In addition, the feature of all samples was very sim-
ilar in terms of shape and position to the Fe2O3 stan-
dard at approximately 7128 and 7134 eV, respectively.
Thus, this result indicates that most of the Fe ions in
our samples are in the Fe3+ valence state. These spec-
tra at the Fe K edge are very similar to those of the
Fe from aerosols samples reported by Ohta et al. [34]
showing a pre-edge feature approximately 7114 eV due
to an electron excited from the Fe 1s to the Fe 3D ﬁnal
states.
Magnetic properties
Figure 6 shows the ﬁeld dependence of the speciﬁc
magnetization (M -H curve) of undoped CeO2 and Fe-
doped CeO2 samples, obtained from VSM measure-
ments at RT. The magnetic component corresponding
to the samples holder was subtracted from all the pre-
sented data. The samples show weak RT-FM and the
MS increases with increasing Fe concentration. The
highest MS was observed for x = 0.05 with value of ap-
proximately 0.03 emu/g at 10 kOe. The magnetizations
of the Fe-doped CeO2 samples for x = 0.07 have both
FM and paramagnetism (PM) increasing with an
228
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Fig. 6 Magnetic properties of Fe-doped CeO2 nanospheres prepared at 200℃ for 12 h (inset shows magnetic loop of undoped
CeO2).
increasing magnetic ﬁeld. The M values of all the sam-
ples are shown in Table 1. In comparison to other
works, the MS value of 0.03 emu/g in this work is lower
than the reported MS values for Fe-doped CeO2 pow-
ders at x = 0.01 (0.1 emu/g at 45 kOe) [12] and Fe-
doped CeO2 pellets at x = 0.05 (0.24 emu/g at 10 kOe)
[35]. However, the MS value in our result is higher than
those of other reports, i.e., Fe-doped CeO2 nanocrys-
tals at x = 0.03 (0.0062 emu/g at 10 kOe) [16] and
Fe-doped CeO2 nanocrystals at x = 0.12 (0.02 emu/g
at 0.6 kOe) [26]. The diﬀerence in MS in the magnetic
properties of Fe-doped CeO2 materials depends on the
preparation conditions such as temperature and atmo-
sphere [36,37]. We also observed RT-FM in undoped
CeO2 nanospheres with MS of approximately 0.0026
emu/g at 10 kOe. This result is interesting because bulk
CeO2 is an insulator with Ce
4+ in the 4f0 conﬁgura-
tion. Generally, magnetic ordering in insulating oxides
is antiferromagnetic ordering due to the superexchange
coupling, but CeO2 is often used as a storage medium
because a VO can easily be formed in CeO2. Similar
results have been obtained in some other work [17,21].
Sundaresan et al. [21] reported that the weak ferro-
magnetism, with MS of approximately 0.0019 emu/g
at 5 kOe in pure CeO2 nanoparticles (average size of 15
nm) as well as in other undoped oxide semiconductors,
results from the exchange interactions between electron
spin moment of Ce3+ and the VO at the particle sur-
face. This direct ferromagnetic coupling is called the
F -center exchange (FCE) [13,38,40]. It is possible that
VO can create magnetic moments on neighboring Ce-
ions of Ce3+-∇-Ce3+, where ∇ denotes a VO.
For explanation the origin of the ferromagnetic con-
tribution in Fe ions-doped CeO2 nanospheres, the fol-
lowing arguments are proposed. First, the ferromag-
netic behavior is associated with FCE coupling, in
which both VO and Fe ions are involved. In this work,
the XANES spectra show evidence of Fe3+ substitu-
tion in CeO2, and the Ce ions of 3+ state (with 4f
1
conﬁguration), which can be attributed to VO in Fe-
doped CeO2 samples. Therefore, the RT-FM in these
samples was suggested according to the FCE of Fe3+-∇-
Fe3+ complex in the structure. This FCE forms bound
magnetic polarons (BMP) and neighboring BMPs can
overlap and result in the long-range Fe-Fe ferromag-
netic coupling in CeO2. The radius of the electron
trapped orbital, that overlaps the d shells of both Fe
ion neighbors, is of the order a0ε, where a0 is the Bohr
radius, and ε is the dielectric constant of the material.
In CeO2 (ε = 26), the radius of the F -electron orbital
is estimated to be ∼14 A˚ [5], which is required for a
long-range FM order. As Fe3+ (3D5) ions in the case
of low-spin state only have unoccupied minority spin
orbitals [40], the trapped electron in vacancy will be ↓
229
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Fig. 7 M -T curves at 1 kOe of samples nanospheres prepared at 200℃ for 12 h (a) Undoped CeO2 and (b) Fe-doped CeO2
(x = 0.05). Inset exhibits the Curie-Weiss behavior of the inverse susceptibility for Fe-doped CeO2 (x = 0.05).
and the two Fe neighbors ↑, according to the Hund’s
rule and Pauli Exclusion Principle. Second, the double
exchange interaction is investigated. It is coupling be-
tween nearest neighbor of Fe ions with diﬀerent valence
and oxygen ions (Fe2+-O2−-Fe3+). However, mecha-
nism of ferromagnetism on this interaction cannot pro-
duce long-range magnetic order because of concentra-
tions of Fe ions of a few percent in structure. Moreover,
the XANES results in Fe-doped CeO2 showed that no
mixed of Fe ions exist. Finally, ferromagnetism may
originated by Fe clusters. If Fe cluster exist the mag-
netic moment would be proportional to the amount of
Fe concentration but no tendency in our M results ob-
served. Therefore, the RT-FM in these samples, and
the exchange interaction between Vo and the surround-
ing of Fe3+ was suggested as being a result of the FM
according to the FCE.
It is observed that the loss of M induced by Fe-doped
at x = 0.01 compared to undoped CeO2. This case is
due to the pairing of the electron clouds surrounding
VO, which are electron excess left behind in the vacan-
cies [41]. With high concentrations of Fe ions, it would
possibly increase the amount of magnetic moments and
enhance signiﬁcantly in ferromagnetism. Moreover, the
additional exchange interactions between the spins of
the Ce3+ are responsible for the observed enhanced fer-
romagnetism in these samples. At higher Fe concen-
trations (x = 0.07) in our case, Fe ions become closer
together as the Fe content increases, which increases the
superexchange interactions between these neighboring
Fe ions of Fe3+-O2−-Fe3+ gives rise to an antiferromag-
netic behavior. As a result of this, the ferromagnetism
decreases in the average magnetic moment per Fe ion
and appears to be a paramagnetic eﬀect. However,
the exact mechanism for diﬀerent magnetizations of Fe-
doped CeO2 samples with diﬀerent Fe concentrations is
still unclear, and further work is needed.
The temperature dependence of magnetization (M −
T curve) of undoped CeO2 and Fe-doped CeO2 (x =
0.05) samples were measured under H of 1 kOe in the
zero ﬁeld cooling (ZFC) and ﬁeld cooling (FC) modes
as shown in Fig. 7. The ZFC-FC curves showed sim-
ilar behavior of each sample and no evidence of sec-
ondary phase was existed down to 2 K. The Tc or Neel
temperatures (TN ) in these samples do not match to
those values of Fe (TC ∼1043 K), FeO (TN ∼200 K),
α-Fe2O3 (TC ∼240 K), or Fe3O4 (TC ∼858 K) [42].
From PM component in Fe-doped CeO2 samples, the
paramagnetic region can be well ﬁtted using a simple
Curie-Weiss equation, χ = C/(T -θ) where χ is sus-
ceptibility, C is the Curie constant, T and θ are ex-
perimental temperature and the Curie-Weiss temper-
ature, respectively. The linear plot of inverse χ de-
pendence of the temperature is shown in the inset of
Fig. 7(b). It exhibited a good ﬁt obtained at high
temperature for Fe-doped CeO2 samples, except in un-
doped CeO2. The sample had a negative value of θ (∼-
80 K), which indicates antiferromagnetic interactions
between Fe ions. This behavior can be described using
the Curie-Weiss equation with the eﬀective magnetic
moments of μeff ≈1.45 μB for Fe-doped CeO2. This
is close to that of the low-spin state of Fe3+ ion (μeff
= 1.73 μB). These eﬀective magnetic moments corre-
spond to the free Fe3+ without magnetic interactions
or PM defect in the system.
Conclusions
Nanospheres of undoped CeO2 and Fe-doped CeO2
have been successfully synthesized by a hydrothermal
method using PVP as a surfactant. The XRD and
SEAD results indicated that all the samples had a face-
centered cubic structure and that no secondary phase
was detected, which indicated that Fe3+ ions were sub-
stituted in Ce4+ sites. Fe3+ doping causes redshift of
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the F2g Raman mode due to the increased concentra-
tion of Ce3+ with oxygen vacancies. The oxygen va-
cancy is conﬁrmed by XANES measurements, which
reveals that most of the Fe ions are in the 3+ state,
and that some Ce ions transform to the 3+ state. The
Ce3+ and Fe3+ spin electrons are induced weak RT-
FM. This behavior indicated that the ferromagnetism
is essentially related to oxygen vacancy/defects.
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